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Abstract: The existence of clouds significantly increases or decreases the net radiation of the Earth.
The influence of cloud type and cloud phase on radiation is as important as cloud amount, and the
physical processes of different types of clouds are obviously different. In this study, the occurrence
frequency of different cloud types (low transparent, low opaque, stratocumulus, broken cumulus,
altocumulus transparent, altostratus opaque, cirrus, and deep convective) and cloud phases (ice
and water) over China and its surrounding areas (0-55°N, 70-140°E) are calculated based on cloud
vertical feature mask products from the Cloud-Aerosol Lidar with Orthogonal Polarization (CA-
LIOP). The results show significant spatial differences and seasonal variations in the distribution of
different cloud types and cloud phases. There are four prevailing cloud types over the whole year,
among which cirrus and altocumulus transparent are the most widely distributed and have the
highest occurrence frequency. Cirrus clouds are mainly distributed at altitudes above 6 km north of
30°N and south of 20°N. Altocumulus transparent clouds are mainly distributed over the Qinghai-
Tibet Plateau and at an altitude of 3-6 km to the north of 40°N, and they are more widely distrib-
uted in winter than in summer. Water clouds are mainly distributed in the latitude range of 20°N—
40°N and are obviously influenced by the Qinghai-Tibet Plateau. Water clouds are widely dis-
tributed in autumn and winter. Ice clouds are mainly distributed in the areas south of 20°N and
north of 40°N. Regardless of the choice of altitude between 3 km and 7 km, the boundary between
ice cloud and water cloud is always near the —14 °C isotherm, and when the -14 °C isotherm moves
southward, the ice-cloud distribution range expands southward. The probability density functions
of the temperature in the cloud always show the distribution characteristics of two peaks and one
valley, which is particularly obvious in the middle and high clouds, and the peak temperature is
warmer than the sub-peak temperature. The valley temperature and its corresponding latitude of
all cloud types are different: the cirrus valley temperature is not significantly affected by the
Qinghai-Tibet Plateau, but the plateau has an effect on the latitude of the valley temperature dis-
tribution of other types of cloud. The above conclusions lay the foundation for further research on
the radiation effects of different clouds on China and its surrounding areas and also have certain
indicating significance for weather effects caused by various cloud physical processes.

Keywords: CALIOP; cloud types; cloud phase; cloud frequency; spatial and temporal
characteristics; cloud temperature

1. Introduction

Clouds can act as a radiation source, emitting thermal radiation while also absorb-
ing or scattering shortwave solar radiation and outgoing longwave radiation [1]. The
existence of clouds can significantly affect the increase or decrease in the net radiation of
the earth, and this effect is closely related to their types and phases [2—4]. Chen et al. [5]
showed that the adjustment of cloud type change on the radiation field of the
Earth-atmosphere system is as important as that of cloud amount. From the global av-
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erage level, low clouds contribute the most to the net energy balance of the earth [2]. The
thin clouds at low and middle latitudes tend to heat the atmosphere [6]. For cloud phases,
due to smaller particle sizes, the radiation effect of a liquid cloud is much greater than
that of an ice cloud with the same water content [7]. On a global scale, the global radiative
forcing caused by ice clouds has caused the net warming of the Earth-atmosphere system
[8], while the liquid phase clouds have a negative net radiative effect [3]. Therefore, an
important prerequisite for studying the impact of clouds on the Earth’s radiation balance
is to accurately understand the spatial and temporal distribution characteristics of cloud
types and cloud phases.

The change in cloud macro and micro characteristics is related to multiple meteor-
ological elements [9-11]. Previous studies have shown that temperature, relative humid-
ity, vertical velocity, divergence, and aerosol quantity concentration are key influencing
factors in dynamic processes [12,13] and microphysical processes [14] of clouds. Back-
ground temperature fluctuation can establish a “dynamic balance” between the creation
and loss of ice crystals [15]. The optical characteristics of ice crystals in cold clouds have a
certain dependence on temperature [16]. The characteristics of cirrus clouds also depend
on temperature [17]. For example, the extinction backscattering ratio of cirrus clouds is
negatively correlated with temperature [18-21], and the shape ratio of particles in cirrus
clouds are also strongly correlated with temperature, in which the depolarization rate
increases with decreasing temperature [22,23]. Therefore, the temperature is one of the
meteorological factors that have a greater impact on cloud characteristics, but there are
few studies on the relationship between cloud distribution characteristics and intra-cloud
temperature.

China is located in the east of the Eurasian continent, facing the Pacific Ocean,
which is the world’s largest ocean to the east. It has the East Asian Monsoon (EAM),
which is much more complex than other single global monsoon systems [24]. The Qing-
hai-Tibet Plateau is the largest and highest plateau in the world. Its thermal effects and
mechanical forcing greatly affect the local climate and global atmospheric circulation
[25-28]. The cloud system of the Qinghai-Tibet Plateau can not only affect local radia-
tion such as that Min et al. [29] found that the net radiation effect of cirrus clouds on the
Qinghai-Tibet Plateau is significantly higher than that in most parts of China but also
has an impact on the climatology of the surrounding area [30]. Previous studies on the
characteristics of cloud climatology in some parts of China were carried out through
meteorological station observation data, ground radar, and Himawari-8 data [31-33].
However, due to the lack of observation data with high resolution and accurate identifi-
cation of cloud types and cloud phases, the cognition of cloud climatology in China, es-
pecially in the Qinghai-Tibet Plateau, is still not very accurate [4,34,35]. Because of the
insufficient understanding of cloud climatology characteristics and cloud physical pro-
cesses [36], there is still a lack of cloud parameterization schemes for simulating and ac-
curately predicting weather [37]. Therefore, a more accurate understanding of cloud
types and cloud phase distribution characteristics is required to improve the cloud pa-
rameterization scheme.

Cloud-aerosol and Infrared Pathfinder Satellite Observation (CALIPSO) was
launched in 2006, bringing wider coverage and higher resolution data to the study of
cloud climatology [38]. Moreover, it can detect more optical thin clouds [39] and analyze
more comprehensive cloud climatology. Cloud-Aerosol Lidar with Orthogonal Polariza-
tion (CALIOP) carried on the CALIPSO satellite is the only spaceborne lidar in orbit at
present, which is used to detect the vertical structure of clouds and aerosols. Cai et al. [40]
analyzed the probability of cloud occurrence and the relationship between cloud layers
and cloud height in China and its surrounding areas by using CALIOP cloud layer (Clay)
data, and further research needs to reveal the macroscopic characteristics of cloud types
and cloud phases. CALIOP vertical feature mask (VFM) product, which classifies clouds
uniformly, provides high-resolution data of cloud types and cloud phases and promotes



Remote Sens. 2022, 14, 5601

3 of 20

the accurate understanding of the distribution characteristics of cloud types and cloud
phases. It is of great significance for the study of cloud climatology.

The remainder of the paper is organized as follows. Section 2 describes the satellite
observation and reanalysis data used for statistical analysis of cloud spatiotemporal
characteristics and their relationship with cloud temperature. Sections 3 and 4 describe
the spatial characteristics and seasonal variations of different types and phases of clouds.
The spatial distribution characteristics of cloud temperature and its relationship with
cloud types and cloud phases are provided in Section 5. A summary and prospects are
presented in Section 6.

2. Data and Methods
2.1. Data

CALIORP is the first satellite lidar optimized for aerosol and cloud measurements,
using active remote sensing to measure detailed vertical distributions of aerosols and
clouds as well as their microphysical and optical properties [41]. The inclination of
CALIPSO’s orbit is 98.2°. The orbital period is about 99 min, and 14.55 circles around the
Earth every day. When passing through the equator, the track of each circle retreats
westward with a longitude of 24.7°, and the flight orbit shifts westward by 10.8° day by
day. In this way, the vertical detection area of the satellite can cover the whole world (the
cross-orbit deviation is less than + 10 km) after a flight cycle of 233 circles in 16 days.
Compared with a variety of detection data, CALIPSO data products were verified to
have good measurement sensitivity and spatial characteristics [42—46]. CALIOP classifies
clouds and aerosols through scene classification algorithms (SCA) [47,48], and the cloud
and aerosol layer information provided by this algorithm are reliable [49].

In this paper, CALIPSO’s Level 2 VFM products from June 2006 to June 2020 are
used to statistically analyze the spatial distribution and seasonal variation of the cloud
occurrence frequency of different types and phases. Cloud types in VFM products are
divided into eight categories: low overcast (transparent), low overcast (opaque), transi-
tion stratocumulus, low broken cumulus (transparent), altocumulus (transparent), alto-
stratus (opaque), cirrus (transparent) and deep convective (opaque). VFM can distinguish
between ice and water in clouds, which refer to the phases of particles contained in the
clouds, not the phases of the entire cloud. Therefore, the water clouds in the following
text all represent clouds with liquid components rather than clouds with all liquid com-
ponents. The samples selected in this paper were obtained with laser beams that can
penetrate clouds to the ground. As clouds with an optical thickness of less than 0.02
cannot be detected [50] and an optical thickness greater than 3 is the detection limit of
laser radar [51], this paper studies only cloud in the optical thickness range of 0.02-3.
Some deep convective clouds cannot be detected in the vertical direction by laser radar
owing to their large thickness; therefore, they are not included in the statistical analysis in
this paper. In addition, CALIOP L2-VFM provides a corresponding quality assessment.
According to the cloud-aerosol identification algorithm, the identification results are la-
beled with credibility [48], which is divided into four categories: high, moderate, low,
and untrusted. In this paper, the quality of the data above 90% is highly credible.

To study the relationship between cloud distribution characteristics and intra-cloud
temperature, ERA5 (ECMWF Reanalysis V5) temperature data from June 2006 to June
2020 were used to determine the intra-cloud temperature through vertical interpolation.
ERAS5 is the fifth generation of atmospheric reanalysis data produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF) for global climate from January
1950 to the present, with a resolution of 0.25° x 0.25°, providing estimates of a large
number of atmospheric, terrestrial and oceanic climate variables [52].
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2.2. Methods

The VFEM products have a horizontal resolution of 333 m at altitudes ranging from
-0.5 to 8.2 km. In this paper, the data are divided into a grid of 1° x 1°, and the scattering
particles on different heights detected by each profile were taken as samples in each grid.
Then the gridded data are used to analyze statistically. The prevailing cloud type and
cloud phase in each grid are determined by selecting the mode, which means that the
type and phase of the cloud with the largest number of occurrences are the prevailing
cloud type and cloud phase in the grid. In our study, the method of mode selection to
grid data has the advantage that compared with the median and average; it can better
represent the typical cloud types and cloud phase of the grid. In the gridded data, the
zonal average of the number of observation profiles was above 123,000 (Figure 1a) and
the zonal average of the number of observation orbits was above 440 (Figure 1b). Owing
to the orbit of the polar-orbiting satellite, the observation frequency in the high-latitude
area is greater than that in the low-latitude area.
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Figure 1. Zonal average sample size over China and its surrounding areas from June 2006 to June
2020. (a) Number of observation profiles. (b) Number of observed orbits.

For ERAS reanalysis data with 0.25° x 0.25° resolution, we used the nearest neighbor
interpolation method to match the 0.25° x 0.25° reanalysis data with the satellite data with
333 m horizontal resolution and then used the processed data for the PDF analysis in
Section 5.

3. Frequency Distribution Characteristics of Different Cloud Types
3.1. Annual Cloud Occurrence Frequency Distribution Characteristics

There are four prevailing cloud types (Figure 2a) throughout the year: altocumulus
(transparent; Ac tra), altostratus (opaque; As op), cirrus (Ci), and deep convective clouds
(Dc). Altocumulus (transparent) clouds are distributed in bands along the west and south
sides of the Qinghai-Tibet Plateau, with significant differences between the mainland
and the sea in the northeast. They are mainly distributed over land, covering the central
and eastern parts of the Mongolian Plateau and the northeastern part of China, whereas a
small amount is distributed over the eastern ocean and the Sea of Japan. Altostratus
(opaque) are concentrated in the Sichuan Basin and surrounding mountains and scat-
tered into an altocumulus (transparent) band over the south of the Qinghai-Tibet Plat-
eau. Cirrus clouds cover most areas, especially over the ocean. Pan et al. [53] also found
this phenomenon in East Asia: the annual average cloud cover is dominated by cirrus
(44.4%); that is, cirrus has a dominant role. As described earlier, most of the deep con-
vective clouds were not included in the analysis. Since the frequency of deep convective
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clouds is low, it is unlikely that they would be the prevailing cloud type if they were in-
cluded. Over the Qinghai-Tibet Plateau, owing to topographical reasons, some deep
convective clouds are not thick and can be completely detected vertically. This is also an
important reason why deep convective clouds mainly appear over the southern part of
the plateau.

(a) Prevailing Cloudtype (b) Terrain
I . . | ,

Actra As op Ci De 0 1000 2000 3000 4000 5000 6000

Figure 2. (a) Horizontal distribution of prevailing cloud types throughout the year. (b) The terrain
of the East Asia continent.

The ratio of the number of cloud samples of each type to the total number of cloud
samples is the occurrence frequency of this cloud type. There are also obvious regional
differences in the occurrence frequency of the various cloud types. Low overcast (trans-
parent) (Figure 3a) and low overcast (opaque) (Figure 3b) have a similar horizontal dis-
tribution of occurrence frequency. They mainly appear on the north side of Balkhash
Lake, the eastern and southern coastal areas of China, and the eastern ocean, with a fre-
quency of only 2-6%, and the frequency in other areas is less than 2%. Stratocumulus
(Figure 3c) clouds are distributed in all areas except the areas with higher altitudes, and
the frequency of stratocumulus is higher over the eastern ocean, up to 14-18%. Low
broken cumulus (transparent) (Figure 3d) occur more frequently over the ocean south of
30°N than over land and are more common over the southern slope of the plateau, up to
30%. The occurrence frequency of altocumulus (transparent) (Figure 3e) and altostratus
(opaque) (Figure 3f) over the land can reach 26% and is higher than that over the ocean,
which is less than 10%. Altocumulus (transparent) clouds are common over 40°N, the
Qinghai-Tibet Plateau and its eastern region. Altostratus (opaque) clouds are common
around the Qinghai-Tibet Plateau region and the southwest of China. Cirrus clouds
(Figure 3g) are the most frequent among the eight types of cloud because the frequency of
cirrus is more than 25% in all regions except at latitudes of 20°N-30°N, and the Qinghai-
Tibet Plateau is the high-frequency region of cirrus. This is consistent with the research
results of Chen and Liu [54], who indicated that there are two independent cirrus active
regions over the Qinghai-Tibet Plateau and the Asian monsoon region, one located be-
tween the equator and 20°N, and the other over the plateau. Deep convective clouds
(Figure 3h) are mainly distributed over the Qinghai-Tibet Plateau and equatorial regions.
In general, the frequency distribution of all kinds of clouds is affected by the Qinghai-
Tibet Plateau. Except for deep convective clouds, the frequency of low cloud is less than
that of medium cloud and high cloud, and the distribution of low cloud and medium
cloud shows an obvious sea-land difference. Low cloud is mainly distributed over the
ocean, whereas medium cloud is mainly distributed over the land.
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Figure 3. Horizontal distribution of cloud occurrence frequency: (a) low overcast (transparent), (b)
low overcast (opaque), (¢) stratocumulus, (d) low broken cumulus (transparent), (e) altocumulus
(transparent), (f) altostratus (opaque), (g) cirrus and (h) deep convective cloud (unit: %).

3.2. Cloud Frequency Distribution of Seasonal Change

The distribution of prevailing cloud types shows significant seasonal differences
(Figure 4). A comparison of the distribution of prevailing cloud types throughout the
year (Figure 2a) shows that the distribution range of transparent altocumulus clouds in-
creases significantly in autumn and winter. Due to the high altitude of the Qinghai-Tibet
Plateau, the warm and humid air is easily lifted by the terrain to form cirrus clouds [54-
56]. The prevailing cloud type in the four seasons of the main part of the plateau is cirrus.
Therefore, the transparent altocumulus clouds here are divided into a northern band and
a southern band; the two bands widen in winter, and the southern boundary of the
southern belt reaches 15°N (Figure 4c,d). It may be related to the cirrus moving from
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north to south from summer to winter with the seasonal movement of the intertropical
convergence zone (ITCZ) in the tropical region [55]. In spring (Figure 4a), the distribution
of transparent altocumulus clouds in the north decreases, and the northern band almost
disappears. The northern boundary of the southern band is located at 30°N, and the
western region, namely, the southern side of the Qinghai-Tibet Plateau, is the main dis-
tribution region. The distribution pattern in summer (Figure 4b) is opposite to that in
spring. The banded distribution disappears in the south and becomes massive, covering
Balkhash Lake and its surrounding areas in the north. Altostratus cover also shows the
characteristic of more clouds in autumn and winter than in spring and summer. Compared
with the whole year (Figure 2a), the distribution of altostratus in autumn (Figure 4c) is
slightly larger than that of the whole year. In winter (Figure 4d), altostratus obviously ex-
pands eastward, covering the lower-middle reaches of the Yangtze River. Because alto-
stratus clouds are mainly formed by frontal cyclones, the northeast monsoon and
northwest monsoon prevail in East Asia in winter, and the frontal cyclone activities are
frequent in the lower-middle reaches of the Yangtze River, which may be the reason for
tle increased frequency of altostratus, thus, becoming the prevailing cloud type here. The
distribution of altostratus decreases slightly in spring (Figure 4a) and does not appear as
the prevailing cloud type in summer (Figure 4b). However, because deep convective
clouds mainly depend on convective activities occurring in spring and summer, the dis-
tribution of deep convective clouds also shows a significant seasonal difference com-
pared with the annual distribution (Figure 2a). There are more deep convective clouds in
spring and summer than in winter and autumn. In spring (Figure 4a), they are mainly
distributed in the central and eastern parts of the plateau and the lower-middle reaches
of the Yangtze River. In summer (Figure 4b), it occurs sporadically over the Bay of Ben-
gal, the northwest, north, and northeast of China, and the eastern ocean. Cirrus appear all
year round in areas south of 20°N, the Qinghai-Tibet Plateau, and Balkhash Lake to
Baikal Lake.

(a) MAM (b) JJA

90E 120E
(c) SON (d) DJF

90E 120E 90E 120E

Actra As op Ci Dc

Figure 4. Distribution of prevailing cloud types in different seasons: (a) spring (MAM), (b) summer
(JJA), (c) autumn (SON), and (d) winter (DJF).
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To obtain more detailed seasonal differences in the different cloud types, the pro-
portion of cloud types in each season was analyzed (Figure 5). It was found that the
proportion of cirrus was the highest in all seasons, followed by low broken cumulus and
altocumulus (transparent), which were common clouds. However, the proportion of low
overcast (transparent) and low overcast (opaque) was the lowest, which is consistent
with the previous conclusion of the horizontal distribution of the occurrence frequency of
all kinds of clouds. The seasonal distribution of low overcast (transparent) and low
overcast (opaque) is similar, with the lowest occurrence in spring and the highest occur-
rence in autumn. Stratocumulus appears most in summer and least in spring. As one of
the common clouds, low broken cumulus appear most in winter and least in autumn. The
proportion of altocumulus (transparent) was the highest in spring and the lowest in
summer. Altostratus clouds (opaque) appear most frequently in summer and rarely in
spring. Cirrus clouds are most common in spring and less common in autumn. The sea-
sonal percentage of deep convective clouds is quasi-invariant, with the proportion be-
tween 8-9%, which is slightly less in winter and slightly more in spring, with the differ-
ence far less than 1%. The phenomena may be caused by the fact that most of the deep
convective clouds are too thick in summer to be penetratingly detected by lidar, so they
are eliminated in the study.

il

low,tra low,op Sc Fe Ac,tra As,op Ci Dc
I MAM I SON
1 JA I— NI

Figure 5. Percentage of cloud type per season (unit: %).

3.3. Vertical Distribution of Cloud Occurrence Frequency

To study the characteristics of the vertical distribution of clouds, the altitude range
of 0-8 km (above sea level) is divided into 8 layers because the prevailing cloud type
mainly changes at altitudes below 8 km, and the prevailing cloud type in each layer is
statistically analyzed (Figure 6). It is found that the prevailing cloud types of the lower
layer (altitude of 0-3 km) are stratocumulus and low broken cumulus. The prevailing
cloud types in the middle and lower layers (altitude of 3-6 km) are transparent altocu-
mulus and opaque altostratus, whereas the prevailing cloud types in the middle and
upper layers (6-8 km) are cirrus and deep convective clouds. As the average altitude of
the main body of the Qinghai-Tibet Plateau is above 4000 m, there are no data for the
main area of the plateau for the first four layers. In the lower layer, stratocumulus is
present over the coastal area, the eastern ocean area, and the area north of Balkhash Lake
in the northwest, whereas the rest of the region is mostly fragmented cumulus. The pre-
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vailing cloud type in the northern region at 1-3 km gradually changes from fragmented
cumulus to transparent altocumulus with increasing altitude. In the middle and lower
levels, the prevailing cloud type over central, eastern, and southern China and the east-
ern ocean is altostratus opaque, whereas the other areas are transparent altocumulus. In
the middle and high levels, cirrus is the prevailing cloud type in most of the region, and
only deep convective cloud is the prevailing cloud type over most of the 20°N-30°N lat-
itude belt and sporadic areas to the south of it. In general, the prevailing cloud type at
different altitude levels is consistent with the World Meteorological Organization
(WMO) cloud-height classification criteria, but there are obvious differences in the geo-
graphical distribution of all kinds of clouds at different altitude levels, indicating that it is
important to study the cloud climate characteristics by classifying clouds into eight types.

(a) 0-1km (b) 1-2km (c) 2-3km (d) 3-4km

80E 120E 90E 20E 90 20E 90E 120E
() 4-5km (h) 7-8km

120E

Sc Fe Actra Ac op Ci De

Figure 6. Horizontal distribution of the prevailing cloud type at different altitude layers: (a) 0-1
km, (b) 1-2 km, (c) 2-3 km, (d) 34 km, (e) 4-5 km, (f) 5-6 km, (g) 6~7 km and (h) 7-8 km

4. Frequency Distribution Characteristics of Different Cloud Phases
4.1. Annual Cloud Occurrence Frequency Distribution Characteristics

Similarly, the ratio of the number of cloud samples for a given phase to the total
number of cloud samples in the sky is the occurrence frequency of the cloud phase. In a
grid, the cloud phase with the highest occurrence frequency is the prevailing cloud phase
of this grid. The annual prevailing cloud phase distribution (Figure 7) has significant lat-
itude differences. Water clouds show obvious zonal distribution characteristics in the
latitude range of 20°N—40°N. The western segment of the water-cloud belt over East Asia
is obviously squeezed by the Tibetan Plateau, resulting in the characteristic of the wa-
ter-cloud belt being narrow in the west and wide in the east. The northern boundary of
the eastern part of the continental water-cloud zone is located over the Qinling Mountain
and Huaihe river (QMHR). The ice cloud covers the south of 20°N, the Tibetan Plateau,
and the north of 40°N.
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Ice Water

Figure 7. Annual horizontal distribution of the prevailing cloud phase. The red solid line is the
Qinghai-Tibet Plateau, the blue solid line is the Yangtze River, and the black thick solid line is the
Qinling Mountain and Huaihe river.

4.2. Cloud Frequency Distribution of Seasonal Change

The prevailing cloud phase distribution has obvious seasonal differences (Figure 8).
There is a coherent strip of water clouds dominating the south and east of the Qinghai-
Tibet Plateau in seasons other than winter. In autumn, the water cloud distribution ex-
pands over the northern side of the East Asian continent, covering the North China Plain
and the Korean Peninsula; in winter, the northern side of the water cloud band is roughly
along the QMHR line. In spring, the northern boundary of the water cloud retreats
southward to the Yangtze River and Sichuan Basin. In spring and autumn, the southern
boundary of the water cloud is located at 20°N, whereas it retreats to about 15°N in
winter, and the western part of the belt retreats to 10°N, covering most of the Indian
Peninsula. In summer, the water cloud dominates over the west of the Tibetan Plateau,
and the water-cloud belt over the continent in the east of the Tibetan Plateau reaches the
northernmost boundary of the year, up to 40°N. The increasing frequency of ice-cloud
occurrence causes the water cloud belt to break up.
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Ice Water

Figure 8. Horizontal distribution of cloud phase in various seasons: (a) spring (MAM), (b) summer
(JJA), (c) autumn (SON), and (d) winter (DJF). The red solid line is the Qinghai-Tibet Plateau, the
blue solid line is the Yangtze River, and the black thick solid line is the Qinling Mountain and
Huaihe river.

4.3. Vertical Distribution of Cloud Occurrence Frequency

For the distribution of prevailing cloud phases at different altitude layers (Figure 9),
it is found that water clouds are mainly distributed over ocean areas below 3 km, and the
distribution range of water clouds expands to land with increasing altitude. At altitudes
above 3 km, the temperature decreases with increasing altitude, and the ice-cloud cov-
erage gradually expands southward.

. (b) 1-2km . ) (c) 2-3km ) (d) 3-4km )

- 40N = - 40N =

- 20N - 20N

I 40N | L aon

- 20N - 20N

lce Water

Figure 9. Prevailing cloud phases at different altitude layers: (a) 0-1 km, (b) 1-2 km, (c) 2-3 km, (d)
3—4 km, (e) 4-5 km, (f) 5-6 km, (g) 6-7 km and (h) 7-8 km.
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5. The Relationship between Cloud Distribution Characteristics and Cloud
Temperature

When the relative humidity is higher than 140% and the temperature is colder than
=38 °C, the ice in tropospheric clouds will freeze through homogenous freezing. How-
ever, when the relative humidity is lower than 140%, and the temperature is warmer than
=38 °C, ice formation can occur through heterogeneous nucleation assisted by aerosol
particles called ice nucleating particles (INPs) [57]. To determine the effect of intra-cloud
temperature on the distribution characteristics of the different cloud types and phases,
we overlay the temperature of the different altitude layers on the cloud-phase distribu-
tion (Figure 10). The results show that the southern boundary of ice-cloud coverage and
the position of —14 °C and -16 °C isotherms are very close. In all of the 1 km layers from 3
km to 7 km, as the -14 °C isotherm moves southward, the distribution range of the ice
cloud also expands southward, and the distribution boundary between the ice cloud and
water cloud is always near the 14 °C isotherm. This pattern of temperature variation
with altitude at the boundary between ice and water cloud coverage may be due to
changes in the concentration of INPs particles with altitude. According to the results
from Figure 10, =14 °C may be the transition temperature (T¥) indicated by Carlsen and
David [58], which is from liquid clouds to mixed-phase clouds (MPCs) due to INPs over
China and surrounding areas.

(a) 3-4km (b) 4-5km

. | L n | .
E e o g, T i

1 T 12 -4

40N — 40N

20N - 20N

40N - - 40N

20N ~ 20N

Ice Water

Figure 10. Prevailing cloud phase-temperature distribution at different altitude layers: (a) 34 km,
(b) 4-5 km, (c) 5-6 km, and (d) 6-7 km. The shading is the prevailing cloud phase distribution, and
the black dashed lines are contour lines from -12 °C to -16 °C.

The relationship between the distribution characteristics of different cloud types and
the intra-cloud temperature was further explored (Figure 11). The probability density
functions (PDFs) of the intra-cloud temperature always show a distribution of two peaks
and one valley. The distribution of two peaks and one valley is particularly obvious in
the middle and high clouds. Separately, it can be seen that the inner temperature of the
low, transparent cloud (Figure 11a) and low opaque cloud (Figure 11b) are between -12
°C and 28 °C, with a span of about 40 °C. The stratocumulus (Figure 11c) and low broken
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cumulus (Figure 11d) show intra-cloud temperatures ranging from —11 °C to 22 °C with a
decreasing temperature span. The intra-cloud temperature of the two types of middle
clouds (transparent altocumulus (Figure 11e) and opaque altostratus (Figure 11f)) obvi-
ously decreased. The maximum temperature and minimum temperature differ by only
about 27 °C between -20 °C and 7 °C. According to the two peaks and one valley distri-
bution of intra-cloud temperature PDFs, we define the temperature corresponding to the
maximum PDF value of the peaks as the “peak temperature” and the temperature cor-
responding to the minimum PDF value between the two peaks as the “valley tempera-
ture” for further study. MPCs are composed of liquid droplets and ice crystals, and the
formation of ice crystals in MPCs depends on INPs [58]. INPs can be divided into accu-
mulation mode particles (0.3-1 um) and coarse particles (1-10 um) according to the par-
ticle diameter [59,60]. DeMott et al. [61] indicated that the concentration of active INPs in
MPCs may be related to temperature and the concentration of particles larger than 0.5
pum in diameter. Mason et al. [62] further found that the concentration of INPs increased
with decreasing temperature, while the concentration of coarse particles decreased with
decreasing temperature. For MPCs (such as Ac and As), the two peaks may correspond
to the accumulation and coarse modes of INPs in the cloud. Therefore, the relationship
between the concentration of particles of two sizes and temperature may provide a new
idea for the conversion mechanism of liquid-solid particles in mixed-phase clouds. The
distribution of cirrus (Figure 11g) has the most obvious characteristic of two peaks and
one valley, in which the peak temperature is about 40 °C, and the secondary peak tem-
perature is about —62 °C. Keckhut et al. [63] found a peak at —45 °C and a subpeak at —60
°C on the cirrus temperature PDF in the south of France. The two peak temperatures are
close to the results of this study, and this dual peak structure is similar. Cirrus clouds
form by the homogenous freezing of liquid droplets and heterogeneous nucleation of ice
nuclei. These two mechanisms are related to temperature. At low temperatures, ho-
mogenous freezing is considered to be the main way of cirrus formation, while at tem-
peratures higher than —38 °C, the formation of cirrus is more dependent on heterogeneous
freezing [64—66]. Therefore, the dual-peak structure of the PDF of cirrus internal temper-
ature is most likely caused by two formation mechanisms of cirrus. The cold peak may
correspond to the cirrus formed by homogenous freezing, while the warm peak may
correspond to the cirrus formed by heterogeneous freezing. Therefore, the study of this
temperature PDF implies that heterogeneous ice nucleation may be the dominant for-
mation mechanism of cirrus in China (Figure 11g), and the valley temperature may in-
dicate that is the temperature at which both the homogeneous and heterogeneous pro-
cesses of cirrus formation are not active. As most of the deep convective clouds have been
eliminated in this study and the PDFs of the temperature within the cloud are not rep-
resentative, correlation analysis of the deep convective clouds is not carried out here.

15 . . 15 . . 15 . . 15 . .
(a) low, tra (b) low, op (c) Sc (d) Fe
12 F 12 - 12 F 12 -
X 9 9 - 9 9
g
2 6 6 - 6 6
3 3 4 3 3
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Figure 11. Probability density of temperature in the cloud: (a) low overcast (transparent), (b) low
overcast (opaque), (c) stratocumulus, (d) low broken cumulus (transparent), (e) altocumulus
(transparent), (f) altostratus (opaque) and (g) cirrus.

As shown in Figure 12, the valley temperature of low opaque clouds is the coldest
among the four types of low clouds, only 2 °C. The valley temperature increases gradu-
ally from low opaque cloud to stratocumulus to broken cumulus, and the location ex-
tends southward, indicating that the cloud distribution location in the peak of the PDF of
low cloud has obvious latitudinal variation. The valley temperatures of the middle
clouds (transparent altocumulus and opaque altostratus) were -6 °C and -9 °C, respec-
tively, with little difference in location. According to the geographic distribution of in-
tra-cloud temperature of the two kinds of MPCs, it is suggested that there is a latitude
difference between the accumulation and the coarse modes of INPs in the MPCs. The in-
tra-cloud temperature distribution of cirrus shows an opposite trend to that of the other
six cloud types. It is characterized by low temperature in the south and high temperature
in the north, and the valley temperature is 45 °C, located at 30°N. This temperature dif-
ference between mid- and low-latitude cirrus clouds is the same as that in Platt et al. [56],
who observed cirrus characteristics in mid-latitude areas (Aspendale, Australia) and
tropical areas (Darwin). They found that the occurrence frequency of cirrus varies with
latitude and temperature; for example, in mid-latitude areas, cirrus are most frequent
when the cloud temperatures range from —50 °C to —40 °C and from -70 °C to -60 °C in
the tropics. Sunilkumar and Parameswaran [17] also found that 90% of the cloud tem-
perature of low-latitude cirrus is colder than -50 °C, colder than that of mid-latitude cir-
rus. Such temperature distribution may indicate that the formation of cirrus clouds at
middle and high latitudes depends more on heterogeneous nucleation, so as shown in
Figure 11g. As Gierens [67] found, the heterogeneous process plays a more important
role in the formation of cirrus clouds at middle latitudes in the Northern Hemisphere,
and air pollution is likely to increase cirrus cloud coverage, which will be optically thin-
ner than clouds formed by homogenous freezing. Therefore, further research based on
this paper may reveal the morphology of clouds over China. The cirrus val-
ley-temperature isotherm is relatively zonal, roughly along 30°N, located over the south
of the Qinghai-Tibet Plateau and not significantly affected by the plateau, whereas the
valley temperatures of other types of cloud are obviously affected by the Qinghai-Tibet
Plateau. For altocumulus and altostratus (Figure 12e,f), the distribution of valley tem-
perature demonstrates the influence of topography on cloud climatology.
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Figure 12. Spatial distribution of temperature in the cloud: (a) low overcast (transparent), (b) low
overcast (opaque), (c) stratocumulus, (d) low broken cumulus (transparent), (e) altocumulus
(transparent), (f) altostratus (opaque) and (g) cirrus. The black thick solid line is the valley tem-
perature, the blue shading is below the valley temperature, and the red shading is above the valley
temperature. Unit: °C.

PDF analysis of the intra-cloud temperature for different phases of the cloud was
also carried out (Figure 13). It is found that the PDF distribution of intra-cloud tempera-
ture for ice cloud and water cloud has an obvious characteristic of two peaks and one
valley. The peak temperature of the ice cloud is =35 °C, warmer than that of the cirrus
cloud, and the secondary peak temperature is =68 °C. The peak temperature of the water
cloud is 2.5 °C, and the secondary peak temperature is 15 °C. As mentioned above, the
homogeneous nucleation and heterogeneous nucleation of ice clouds are closely related
to temperature. Therefore, Figure 13a further proves that the corresponding relationship
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between temperature and homogeneous nucleation and heterogeneous nucleation of
clouds is determined by cloud phase rather than cloud type.
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Figure 13. Probability density of temperature in the cloud: (a) ice clouds and (b) water clouds.

As shown in Figure 14, the horizontal distribution of temperature in ice clouds and
water clouds shows an opposite distribution trend from north to south. The valley tem-
perature of the ice cloud is =53 °C, and the isotherm is between 25°N and 30°N. In particu-
lar, the temperature in the northern area of the valley-temperature contour is warmer than
that in the southern area of the valley-temperature contour. Murray et al. [68] pointed out
that water droplets in the Earth’s troposphere are known to supercool to about -37 °C, at
which temperature ice nucleates homogeneously on a short timescale. Therefore, Figure
14a may imply that ice cloud formation in low latitudes may be more dependent on a ho-
mogeneous process. The valley temperature of the water cloud is -7 °C, and the valley
temperature isotherm is located over the south of the western area, distributed along the
southern side of the Qinghai-Tibet Plateau, and retracts to about 25°N as far south as
possible. The eastern part of the Sea of Japan extends about 45°N to the north. The tem-
perature to the north of the contour line is colder than the valley temperature, whereas
the temperature to the south is warmer than the valley temperature. The temperature
distribution in the water cloud also shows an obvious difference between the sea and the
land. It can be seen that the temperature over the sea surface is warmer, whereas the
temperature over the land decreases with increasing altitude, indicating that the tem-
perature in the water cloud is obviously related to the terrain.

(a) Ice (b) Water

40N
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Figure 14. Spatial distribution of temperature in the cloud: (a) ice clouds and (b) water clouds. The
black thick solid line is the valley temperature, the blue shading is below the valley temperature
and the red shading is above the valley temperature. Unit: °C.

6. Conclusions

To understand the cloud radiation effect and the climatological characteristics of the
cloud physical process in China more accurately, using CALIOP Level 2 VFM cloud data
products from June 2006 to June 2020, this study analyzed the occurrence frequency of
different types and phases of cloud over China and its surrounding areas and determined
the regional differences and seasonal variations. In addition, we analyzed the relation-
ship between cloud distribution characteristics and cloud temperature and reached the
following conclusions.

1.  The horizontal distribution characteristics of cloud types and cloud phases are ob-
viously affected by large topography, especially in the southern rim of the Qinghai-
Tibet Plateau and QMHR. In addition, the prevailing cloud types and cloud phases
have significant seasonal differences. At different altitudes, the types and phases of
clouds show similar features in the mainland area south of QMHR.

2. The coverage boundary of ice clouds and water clouds is very close to the position of
—-14 °C isotherm at the altitude of 3-7 km, which retreats southward as altitude in-
creases. This relationship may be related to the mechanism of the water cloud
transforming into a mixed-phase cloud with the INPs, and the -14 °C is likely the
transition temperature. The bimodal structure of the temperature PDFs in the MPCs
may correspond to the distribution modes that are accumulation mode and coarse
mode of INPs with different diameters, while the bimodal structure of the ice cloud
is related to its two formation mechanisms that are homogenous freezing and het-
erogeneous nucleation. The valley temperature suggests that both mechanisms of
ice clouds forming are inactive at this temperature.

This paper lays a foundation for further research on the radiation effects of different
clouds over China. At the same time, it also has certain indicative significance to the
evolution process of the weather system associated with clouds. Microphysical features
are an indispensable part of a deeper understanding of cloud climatology. Therefore,
further studies would explore the influence of climate characteristics of the cloud radia-
tion effect on the Earth-atmosphere system from the perspective of cloud microphysics
and understand the formation mechanism of different phases of clouds through cloud
temperature by numerical modeling and simulation in the future.
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